During the phase variation of Coxiella burnetii, modifications in its lipopolysaccharide (LPS) component were investigated. The cloned phase I C. burnetii cells were passed serially in chicken embryo yolk sacs up to the egg passage (EP) 90. The LPSs from the cells in EPs 3, 12, 21, 40, 60, and 90 were all separated by steric exclusion chromatography into three major populations: the high, intermediate, and low molecular weight fractions, differing one from another in size and chemical composition. No noticeable shortening of the O-polysaccharide chains was observed in the LPSs isolated during the C. burnetii cultivation. However, a redistribution of the existing LPS populations has been observed due to an increasing prevalence of those cells in the whole cell population that express LPS molecules with truncated O-chains and those being of R-type. In the high and intermediate molecular weight LPS populations, virenose and dihydrohydroxystreptose are lost gradually with the progress in phase variation. This occurs more readily with the former sugar. At present, the molecular mechanisms influencing the LPS modifications during the C. burnetii phase variation remain unclear.
INTRODUCTION
Coxiella burnetii, the etiological agent of Q fever, is found world-wide. The bacterium is unique among Rickettsiae in that it undergoes a host-dependent phase variation. 1 A virulent phase I is isolated from nature whereas the relatively avirulent phase II is selected for during serial laboratory passage in an immunologically incompetent host such as eggs or tissue culture. 2 This finding was reported for the first time by Bengtson 3 and was described in a more detail by Stoker and Fiset. 4 The phenomenon of phase variation has been assumed 5 to resemble in many aspects the well-known S→R variation found with many Gram-negative bacteria. Tus far, the nature of this phenomenon has not been sufficiently elucidated. Three different hypotheses have been proposed: phenotypic variation, 6 existence of the mixed phase I and phase II populations, 7 and a mutation of phase I to phase II. 8 The phase variation has been investigated serologically with various C. burnetii strains such as Henzerling, 9 48, 10 and Priscilla 11, 12 during serial passage in embryonated hen eggs. The transition from phase I to phase II was divided into three phase states where the phase I represented serial egg passages (EPs) 1-10, the intermediate phase II EPs 15-45, and the phase II EP 75 and higher. 10 It has been assumed 13 that an antigen 1 is characteristic for the phase I C. burnetii cells being represented by a lipopolysaccharide of phase I (LPS I). For phase II, a proteinous antigen 2, and an antigen 2a involving a lipopolysaccharide of phase II (LPS II), should be typical. There have been several papers 5, [14] [15] [16] [17] [18] [19] [20] devoted to chemical characterization of LPS I and LPS II. Typically, LPSs I and II have been isolated from the C. burnetii cells in EPs 3-5 and 163-165, respectively. It has been shown that the LPS I is of the smooth (S) type containing an O-polysaccharide chain, whereas the LPS II is of the rough (R) type consisting of the lipid A core molecules only. The LPS I was reported 21 to contain, among other sugars, two unusual sugar residuesvirenose (6-deoxy-3-C-methylgulose) and dihydrohydroxystreptose [3-C-(hydroxymethyl)lyxose], which have not been found in other enterobacterial LPSs thus far. Their enantiomeric forms and ring conformations have been established by Toman et al. 22 Despite numerous studies, both the complete chemical composition and structure of LPS I have not been known until now. In contrast, a detailed structure of the carbohydrate region of LPS II has been elucidated recently. 18 During the C. burnetii phase variation, noticeable compositional and structural changes in the O-polysaccharide chain of LPS I have been anticipated, 1 but there have been no relevant investigations in the field. It is assumed 1 that structural modifications substantially influence the biological properties of LPS I and considerably reduce resistance of the bacterium to the host immunodefence system. In order to shed more light on these problems, we have undertaken systematic work in this direction and our initial studies focused on a more detailed chemical characterization of compositional changes in the O-polysaccharide chain of LPS I during the C. burnetii phase variation.
MATERIALS AND METHODS
Cultivation and purification of C. burnetii cells C. burnetii strain Priscilla, serologically in virulent phase I, was from the strain collection of the WHO Collaborating Centre for Rickettsial Reference and Research at the Institute of Virology, Slovak Academy of Sciences, Bratislava, Slovak Republic. A clonal population was obtained according to Wike et al., 23 which was then passed serially in chicken embryo yolk sacs up to EP 90. The cells were purified by centrifugation and extraction with ether as described, 20 except the cells in EP 90, which had to be purified as the phase II cells including three subsequent treatments with trypsin. 18 The cells in EPs 3, 12, 21, 40, 60, and 90 were selected for the present study.
Isolation and steric exclusion chromatography of the LPSs
The cells (500 mg each) from individual EPs were extracted with chloroform-methanol (2:1, v/v) at 20°C overnight. LPSs were isolated from the cells in the respective EPs as described elsewhere. 20 Their yields varied within the range 8-11%. LPSs were fractionated on a Bio-Gel P-60 (Bio-Rad Laboratories, Richmond, CA, USA) column (25 x 900 mm) at 20°C using the column buffer system (0.25% sodium deoxycholate, 1 mM EDTA, and 10 mM Tris, pH 8.0) as the eluent 24 at a flow rate of 8 ml/h. Approximately 50 mg of LPS were applied to the column, and the separated LPS fractions were monitored with an RI detector (RIDK 102, Laboratorní prístroje, Praha, Czech Republic), the phenol-sulphuric acid method, 25 and by thin layer chromatography (TLC).
Analytical methods
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed in slabs containing 15% of polyacrylamide and the gels were silver-stained for LPS as reported elsewhere. 26 Preparation of proteinase K-treated cell lysates was accomplished according to Hitchcock and Brown. 27 An SDS Molecular Weight Markers kit was purchased from Sigma (St Louis, MO, USA) and Mark 12 MW STANDARD was obtained from Novex (San Diego, CA, USA).
TLC was performed on precoated Silica Gel 60 plates (Merck, Darmstadt, Germany) with 30:15:4.5:0.5 (v/v) npropanol-water-chloroform-1 M ammonium hydroxide. Charring revealed spots.
Sugars were assayed by the phenol-sulphuric acid method 25 with D-glucose as the reference standard. D,D-Heptose (D-glycero-D-manno-heptose) 18 was determined by the cysteine-sulphuric acid method 28 with D-glycero-Dgluco-heptose (Sigma) as the reference standard. Differential estimation of the 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) residues was performed by a modified thiobarbituric acid assay. 29 Phosphate was estimated as described by Lowry et al., 30 and protein content was determined according to Hartree. 31 LPSs were hydrolyzed with 2 M trifluoroacetic acid at 100°C for 2 h, and the resulting monosaccharides were analyzed by gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) as the corresponding alditol acetates, which were prepared as reported. 20 For aminosugar analysis, the LPSs were hydrolyzed with 6 M hydrochloric acid at 100°C for 16 h. The sugars were analyzed as alditol acetates by GC and GC-MS.
GC-MS of alditol acetates of neutral sugars and hexosamines was performed on a Finnigan MAT SSQ 710 mass spectrometer using fused silica capillary columns SP-2330 (30 m x 0.25 mm; Supelco, Bellefonte, USA) and H-5 (25 m x 0.32 mm; Hewlett-Packard, USA), respectively. The conditions for the SP-2330 column were as follows: the initial oven temperature was 180°C for 2 min, programmed to enhance at 10°C/min up to 240°C with a 35 min hold. For the H-5 column the conditions were: 200°C, 2°C/min up to 250°C with 5 min hold. The helium gas flow rate was 1 ml/min. Electron impact mass spectra were recorded at an electron energy of 70 eV and an ion source temperature of 150°C. GC was performed with a Shimadzu Model GC-17A chromatograph using the same columns and temperature programs as just described and with flame ionization detector.
RESULTS AND DISCUSSION
The LPSs were isolated from the C. burnetii strain Priscilla cells that were in the following EPs: the 3rd, 12th, 21st, 40th, 60th, and the 90th. For isolation, the conventional hot phenol-water method 32 gave the best yields. Generally, lower yields of LPSs were obtained from the cells in higher EPs. The chemical compositions of the isolated LPSs are given in Tables 1 and 2 . In a preliminary evaluation of colorimetric data (Table 1) , one can assume that, on an average, three non-phosphorylated Kdo residues are present in the LPS. This has been proved 20 for the LPSs I from the prototype Priscilla and Nine Mile strains, and for the LPS II 18 of the latter strain. In addition, three Kdo units were also determined 33 in the LPSs I isolated from another four C. burnetii strains. It is evident from Table 1 that with an EP increase of the C. burnetii cells, there is a decrease in the content of sugars determined by the phenol-sulphuric acid method and, as expected, an increase of the Kdo content in the respective LPSs. The LPS in EP 3 has the ratio sugars/Kdo 14.7 whereas in EP 90, it is only 3.1. D,D-Heptose, phosphate and D-glucosamine contents increase with the increasing number of EPs. These components are typical 34 for the core and lipid A regions of the LPS I and their increase may indicate a higher presence of the core molecules in the overall LPS population. However, D-glucosamine together with D-galactosamine were also found in appreciable amounts in the intermediate and phosphate was found in the long O-chain populations (see below, Table 4 ).
In Table 2 , a neutral sugar composition of the LPSs from C. burnetii in various EPs is given. At first glance, noticeable differences in the presence of the constituent sugars virenose and dihydrohydroxystreptose are evident. It appears that the decrease in the virenose content in the LPSs proceeds step-wise (between EPs 3 and 12) with increasing EP, in contrast to dihydrohydroxystreptose where the decrease seems to be smooth. Trace amounts of both sugars are found in the LPS in EP 90. The relative amount of D-mannose (in mole %) is quite steady in the individual LPSs, whereas that of D,D-heptose has an increasing tendency with an increasing number of EPs. Nevertheless, the total amount of the former sugar actually decreases and that of the latter sugar remains fairly constant during the LPS transition. D-Glucose shows a Phase variation of Coxiella burnetii strain Priscilla 371 3  1470  310  100  220  139  85  12  1320  316  125  265  145  76  21  1278  321  138  302  153  71  40  1085  337  163  396  198  58  60  985  369  196  435  225  52  90  820  390  261  668  303  27 EP, egg passage 19 Steric exclusion chromatography of the isolated LPSs on a Bio-Gel column was monitored with an RI detector, the phenol-sulphuric acid method, and by TLC. From these combined data, it was observed that each isolated LPS was separated essentially into three major fractions based on the order of their elution from the column (Fig.   1 ). They are further referred to as the high (H), intermediate (IM), and low (L) molecular weight (MW) fractions and their elution volumes were approximately the same during all the LPSs separations. Their distribution in the native LPSs is given in Table 3 . It can be seen that the LMW fraction becomes clearly preponderant in the LPS population with an increasing number of EPs. Whereas the LMW fraction represents 2% of the LPS material in EP 3, this value increases to 85% in EP 90. On the other hand, there is a noticeable decrease of both HMW and IMMW fractions during serial passages from 50 to 10% and 48 to 5%, respectively.
Colorimetric estimations of the fractions are given in Table 4 . The data reveal a very important fact that the basic chemical composition of the HMW, IMMW, and LMW fractions remains essentially unchanged during serial passages of C. burnetii in embryonated eggs in contrast with their distribution in the parent LPSs as given in Table 3 . As expected, the content of sugars is the highest in the HMW fractions and decreases towards the LMW fractions (Table 4 ). D,D-Heptose and Kdo are known 18 to be present in the core region of the LPS, and one would expect their increased content in the LMW fractions in comparison with the HMW fractions. The data in Table 4 are in agreement with this premise. In the individual fractions, the phosphate content deserves special attention. According to the published data, 35 one would expect the highest phosphate content in the LMW fractions with a continuous decrease towards the HMW fractions. Surprisingly, a low content of phosphate is found 3  HMW  1550  310  71  320  45  20  IMMW  1350  345  108  75  215  138  LMW  710  402  265  705  325  11  12  HMW  1480  300  78  352  43  18  IMMW  1270  350  112  77  218  142  LMW  720  420  273  722  325  12  21  HMW  1490  298  80  347  47  22  IMMW  1250  364  115  75  210  135  LMW  695  428  262  715  315  14  40  HMW  1475  300  77  340  51  21  IMMW  1275  363  109  76  215  130  LMW  690  410  253  700  312  10  60  HMW  1490  330  81  325  50  23  IMMW  1250  380  114  78  217  140  LMW  690  432  270  720  320  15  90  HMW  1485  325  80  340  45  17  IMMW  1280  375  117  80  215  130  LMW  710  420  275  717  315  10 Abbreviations as in Table 3. in the IMMW fractions and a relatively high one in the HMW fractions, which might be due to phosphorylation of some sugar residues in the O-polysaccharide chains. It appears that there is a noticeable lack of both Dglucosamine and D-galactosamine residues in the Ospecific chains of the HMW fractions. This is, however, in agreement with our previous observation 20 that the O-chain population with a high degree of polymerization had the lowest hexosamine content. It is likely that a considerable amount of D-glucosamine and most D-galactosamine residues are localized in the intermediate size O-chain population. In the LMW fractions, the D-glucosamine residues may arise from the highly truncated O-chains and/or the outer core, and from a β-(1,6)-linked Dglucosamine disaccharide which was shown 16, 19 to form the hydrophilic backbone of lipid A in C. burnetii LPS. The disaccharide carries two phosphoryl groups: an αglycosidically linked phosphate in position 1 of the reducing end and an ester-bound phosphate in position 4′ of the non-reducing terminus (Toman, unpublished results) as in other lipids A of enterobacterial LPSs. Nevertheless, a noticeable amount of phosphate in the LMW fractions is probably localized in the outer core of the LPS molecule. The presence of a low content of D-galactosamine in the LMW fractions could be explained by a small level of contamination with the higher molecular mass LPS. In Table 5 , compositions of neutral sugars in the fractions of LPSs from various EPs are given. The HMW fractions have nearly constant relative amounts of Dmannose and D,D-heptose. The virenose and dihydrohydroxystreptose contents have a decreasing tendency with an increasing number of EPs, similar to the native LPSs ( Table 2) . A noticeable increase of D-glucose (in mole %) between EPs 3 and 12 could also be monitored in this case. In the IMMW fractions, D-mannose and D,Dheptose are the preponderant sugars, too. The relative content of virenose is about half that found in the HMW fraction, and has also a decreasing tendency. In contrast, the dihydrohydroxystreptose contents are almost the same (EPs 12 and 40) or even higher (EP 21) than those found in the corresponding HMW fractions, thus indicating a different distribution pattern of this sugar in the LPS molecules as compared to that of virenose. D,D-Heptose is a dominant neutral sugar (average 58%) in the LMW fractions. Except D-mannose (35.7%) and D-glucose (6.3%), no other neutral sugars could be detected in these fractions.
The size, distribution, and microheterogeneity of the LPS molecules were examined in 15% polyacrylamide gel. Figure 2 shows the SDS-PAGE profiles of the LPSs isolated from the cells in various EPs. When compared with the protein standards, the LPS bands visualized well by silver staining range from ~2.5-24.0 kDa. At first glance, remarkable differences among their profiles are evident. In the LPS from EP 3, the fastest migrating band, typical for the LPS II, 18 is only faint and not seen on the photograph. It is visible clearly in the LPS from EP 12 and in the following LPSs of the higher EPs. The LPSs from EPs 40, 60, and 90 give an intense band between 2.5-14.3 kDa, which is very faint with other LPSs. The slowermigrating bands seen with all LPSs are faint in the LPS from EP 90. Generally, the LPS species in the region of Phase variation of Coxiella burnetii strain Priscilla 373 Tables 2 and 3. 14.3-24.0 kDa were stained with lower intensity than those in the lower MW region, especially at about 2.5 kDa. Moreover, the LPS species extending above 24.0 kDa, corresponding to the HMW fractions (see below), were stained poorly or not at all in this case, although this region showed the greatest reactivity on immunoblots with rabbit polyclonal antisera raised against C. burnetii whole cells. 36 Since the native LPS I represents a complex of LPS molecules differing in size and chemical composition and the molecules with a high MW are difficult to stain, a ladder-like banding pattern typical 37 for most enterobacterial LPS is usually not seen. 14, 17, 20 When the C. burnetii cell lysates treated with proteinase K were analyzed by SDS-PAGE, essentially the same banding patterns were obtained as those shown in Figure 2 (data not shown). Furthermore, the cloned phase I cells (before serial passage in eggs) did not show any band in the region below 14.3 kDa even after heavy loading of the gel. Differences in the staining intensity of the LPS species were also encountered in SDS-PAGE of H, IM, and LMW fractions although the HMW fractions were stained in this case, too (Fig. 3) . In Figure 3 , the SDS-PAGE profiles of the LPSs from EPs 3 and 90, and of their three fractions are shown. The HMW fractions give a ladder-like banding pattern from ~34.0-66 kDa. This finding and the data in Table 3 reveal an important fact that an LPS with a complete O-specific chain, giving a typical ladder-like banding pattern, represents a major portion of the LPS molecules in the early stages of C. burnetii phase variation. The IMMW fraction bands (14.3-30 .0 kDa) are unevenly distributed and vary in intensity. They may represent a region with the mixed O-chain populations, which are usually seen after silver staining. The LMW fractions are found below 14 kDa and give one strong band at about 2.5 kDa and one weaker band above it. They When isolated from animals or humans, C. burnetii expresses phase I antigens and is very infectious. The LPS I is considered 38, 39 to be a major determinant of virulence expression and infection of C. burnetii. After serial passage of the bacterium in embryonated eggs or tissue culture, modifications in both LPS composition and structure result in an antigenic shift to the phase II form, which is less infectious. Such modifications in LPS or lipooligosaccharide were also observed in other bacteria, e.g. Helicobacter pylori, 40 Haemophilus somnus, 41 and Salmonella typhimurium. 42 They enable the bacterium to be a more versatile, more heterogeneous micro-organism that can cope better with a variety of different environments. 40 Environmental cues are probably important parts of this regulatory process. This switching ability 42 should be advantageous within different physiological environments of the host body.
So far, there has been no detailed chemical study on modification of the LPS during the phase variation of C. burnetii. All data were based 9-11 on serological evidence and SDS-PAGE combined with immunoblot. From these data, it has been concluded that LPS I gradually reduces its O-polysaccharide chain in the course of phase variation, and in phase II, an R-LPS II is only present in the outer membrane of C. burnetii. This assumption has been presented 12 also recently with the LPS from C. burnetii strain Priscilla. Transition of the LPS from the intermediate phase to phase II has been reported to proceed via noticeable reduction of the O-specific chain units from EP 50 to EP 80 as revealed by SDS-PAGE. Our results presented in Table 1 might indicate this O-polysaccharide chain shortening, too. However, a completely new insight into the problem has brought steric exclusion chromatography of the LPSs isolated from the respective EPs. The data given in Tables 3-5 revealed the important fact that each LPS isolated from the serially passed C. burnetii cells contained three major populations of the LPS molecules differing one from another in size and chemical composition. Moreover, their overall basic composition remained largely unchanged in the course of phase variation as shown in Table 4 . It is evident from Table 3 that the phase variation phenomenon has a great influence on the distribution of LPS molecules in the individual EP stages. Thus, 50% of the LPS population (HMW) with a complete O-chain is present in EP 3, whereas in EP 90, this number decreases to 10%. In contrast, the LPS population (LMW) containing highly truncated O-chains and/or core molecules increases from 2% in EP 3 to 85% in EP 90. Since 10% of HMW and 5% of IMMW fractions are still present in EP 90, we do not consider the phase I to phase II LPS variation to be completed at this stage as it has been reported 12 on the basis of the serological evidence. Therefore, additional studies including further serial passages of C. burnetii in embryonated hen eggs and subsequent LPS isolations/ analyses, will be needed.
In this study, we could not see a noticeable O-polysaccharide chain shortening in the LPSs isolated during the C. burnetii cultivation. However, a redistribution of the existing LPS populations has been observed due to an increasing prevalence of those cells in the whole cell population that express LPS molecules with truncated Ochains and those of R-type. The data presented in Table 5 show that virenose and dihydrohydroxystreptose in the HMW and IMMW fractions are lost gradually with the progress in C. burnetii phase variation. This occurs more readily with the former sugar. It has been shown 21,43 that both sugars are located in the O-chain, mostly in the terminal positions. Their release from the parent LPS I, under mild acidic conditions, led to a remarkable decrease 21 of the serological activity of LPS I in the passive hemolysis test suggesting that the sugars are immunodominant ones.
SDS-PAGE has also brought a clear evidence for the presence of three major LPS populations in the native C. burnetii LPS I (Fig. 3 ), which differed one from another in size and chemical composition. Nevertheless, we cannot explain satisfactorily some differences in banding patterns of the H-and IMMW fractions, which are seen between EPs 3 and 90. We assume that they might be due to some non-specificity in the LPS staining with the silver staining procedure, certain changes in composition and structure of the LPS molecules during the phase variation, and a possible redistribution of the LPS molecules as a consequence of these changes. In addition, the phenol/water method may extract partially variable LPS populations from the given outer membrane LPS complex.
The phase variation of C. burnetii has been reported 5 to be similar in many aspects to the S→R mutation in Enterobacteriaceae. However, there has not been sufficient evidence in this respect and the molecular mechanisms governing this phenomenon remain unclear. It appears that, in an attempt to optimize the balance between the expenditure of energy for the synthesis of LPS molecules and the need to resist the microbicidal activities of the phagolysosome of the host immune system, C. burnetii has evolved genetic mechanisms of the transition from an energy-dependent state (phase I) to a lesser energy-dependent state (phase II). Thus, the cells that synthesize incomplete LPS molecules have a growth advantage during the C. burnetii cultivation in an immunologically incompetent host.
